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A BALANCED VIEW OF RECIPROCATING AND SCREW COMPR
ESSOR EFFICI ENCIE S

Vagn Villad sen, Gener al Manag er, Resea rch and
Develo pment ,
and
Flemm ing v. Boldv ig, Manag er, Techn ical Inform
ation,
SABROE LTD., Aarhu s, Denma rk.

ABSTRACT
The compa ny has been engag ed in recipr ocating compr essor design since the turn of
the centu ry and in doubl e rotor screw compress or design since 1969.
During the last five years a thorou gh test
progra mme has been carrie d out in co-op eration with Norge s Tekni ske H¢gsk ole, Universi ty of Trond heim, on our recipr ocatin g
compr essor design to determ ine the exact
influe nce of the variou s design param eters
on compr essor effici ency.
In partic ular the optim al design of the
ring plate type suctio n and discha rge
valve s has been studie d.
The paper will repor t on the varia tions in
volum etric - and isentr opic effici encie s
both for R22 and R717, in relati on to
speed , length of stroke , valve spring design, compr ession ratio , etc.
The resul ts obtain ed with the recipr ocating compr essor are compa red with those for
the doubl e rotor screw compr essor, based on
exper ience from more than 1000 units supplied , and on variou s resul ts obtain ed on
the compa ny's behal f by the licen ser's laborato ry.
The differ ences are expla ined, and the conclusio n is subst antiat ed that both types of
positi ve displa cemen t compr essors have
their own merit s, and that they compl ement
each other to the exten t that they may
often be combi ned in one plant to obtain
the most energy effici ent insta llatio n
under varia ble opera ting condi tions.
INTRODUCTION
The compa ny was founde d in 1897, and designed and manuf acture d its first recip rocating compr essor for refrig eratio n that
same year.
Since 1969, besid es recipr ocating compr essors , we have also been engag ed
in desi0· 1 of SRM-t ype screw compr essors and
screw ~~ckages.
In 1954 we introd uced the first model s of
the high speed SMC compr essor progra mme,
compr ising three series of compr essors with
65, 100, and 180 mm bore, respe ctivel y, and

with from 4 to 16 cylind ers arrang ed in V,
W and 2 V desig ns.
In conne ction with a planne d redes ign in
1975, of the SMC 100 type, with 100 mm bore,
we estab lished a co-op eratio n with Norge s
Tekni ske H¢gsk ole, Unive rsity of Trond heim,
compr ising an exten sive resear ch progra mme
to optim ize the suctio n and disch arge valve s
of our recipr ocatin g compr essors .
Exami nation and testin g of compr essor
valve s, and more speci ficall y valve s of the
single ring plate type, is a field in which
NTH has speci alized since many years .
The resear ch progra mme has a pract ical part
includ ing a great numbe r of capac ity tests
with diffe rent refrig erant s, and varied
opera ting condi tions, and a theor etical part
which emplo ys a compu ter simul ation technique to optim ize the suctio n and discha rge
valve desig ns.
DESCR IPTION OF BASICS
The valve s in a recipr ocatin g compr essor
contr ol the gas flow to and from the cylin ders, and the valve behav iour has a decis ive influe nce on the compr essor effici ency.
More speci ficall y the suctio n valve dynamics is of prime impor tance for the actua l
effici ency obtain able, and it is theref ore
neces sary to be able to optim ize the valve
design if highe r effici encie s are to be
reach ed.
To optim ize a valve design requi res a
thorou gh study of the effec ts obtain ed by
chang ing all the param eters influe ncing the
valve behav iour, and such a study can only
be carrie d out, within a reason able time
span, by means of a compu ter simul ation
progra mme.
Fig. 1 shows an ideal compr ession cycle ,
and this is what we would like to achiev e
in the actua l compr essor.
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In order to follow the pressure variations
in the cylinder, and the movements of the
ring plate valves, a number of electronic
pick-ups have been mounted in a test compressor as shown in Fig. 2.

The lowest spring force results in the most
stable valve behaviour at these operating
conditions, the variation in volumetric and
isentropic efficiencies, however, is not
significant. At low evaporating temperature, the spring force would show a considerable influence on compressor efficiency, with the weak spring being the
better choice.
Once the simulation programme has been perfected, as demonstrated above, the selection of valve springs can be based on theoretical investigations of valve behaviour
over the whole range.
COMPRESSOR EFFICIENCIES
The efficiencies referred to in the following are:
Volumetric efficiency
'f1

"'val=

Vsuct

Gcirk x

vsuct

Vtheo

Vtheo
Isentropic efficiency

Gcirk x .1his
Nshaft
where
Vsuct
Ytheo
Gcirk
Fig. 2 - Cylinder liner with electronic
pick-ups
1 - piezo-electric pressure pick-up
capacitive electrode measuring
2
discharge valve movement (total
of 3)
3 - capacitive electrode measuring
suction valve movement (total
of 3)

Vsuct
Nth eo
Nshaft
.1h.
l.S

actual volume of suction gas per
unit of time
compressor swept volume per unit
of time
mass of refrigerant circulated by
the compressor per unit of time
specific volume of suction gas
(Vl) in Fig. 4
theoretical power consumption for
isentropic compression
actual power input to shaft
enthalpy gain from isentropic
compression (h 2 -h 1 ) in Fig. 4
lag p

istntrapie
ompression
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Actual tests are used to correct the constants in the simulation programme, and to
check the results from the programme.
Fig. 3 shows an example of the excellent
fit obtained by the simulated programme describing the movement of the valve when
subjected to different spring forces.

hJ

ht

Fig. 4 - h - log p diagram
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The volumetric efficiency is an indica.tion
of the refrigerating capacity of the compressor per unit of swep·t volume, and says
nothing about the power consumption.
The isentropic efficiency indicates the
power consumption, and is related to the
C.O.P. (coefficient of performance) as follows:
COP
Nshaft
where Q is the compressor refrigerating
capacit?.
INFLUENCE OF COMPRESSION RATIO

LENGTH OF STROKE

Fig. 5 shows volumetric and isentropic efficiencies in relation to the compression
ratio at various condensing temperatures.
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Fig. 7 shows ef~iciencies with R22 and R717
for compressor type SMC 100 in L-version
(100 mm stroke) and in S-version (80 rnm
stroke) .
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The volurnetrj_c efficiency for both R717 and
R22 is pr~ctic2lly con~tant within the
whole operating range from lOOC to 1500 rpm.
The isentropic efficiency for R717 decreases
slightly with increasing speed, l/Jhile the
isentropic efficiency for R22 decreases relatively more with increasing speed.
The isentropic efficiency for R22 is reduced
approx. 10%, when the speed is increased
from 1000 to 1450 :::-p::n at the operabng conditions noted ir. Fig. 6, while the corresponding reduction for R717 is approx. 3.5%.
A compressor with 80 rnm stroke and R22 would
show a corresponding reduction of approx.6%.
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Note that the volumetric efficiency varies
with the compression ratio, but is only
slightly influenced by the pressure level
as determined by the condensing temperature.
The isentropic efficiency also varies with
the compression ratio, but the pressure
level has much more influence than in the
case of volumetric efficiency.
COMPRESSOR SPEED
I.D

"val
0.9
0.8

--

CT/ET = 35/-10 °C
·······~ R717tO•IOOl
- • R71710D• 80
--• R22 100•100
---• R22 (100• 80)

-- ---1---

0.7

1.0

"is
0.9

a.s

~~
.........

0.7

'
800

1000

1200

1400

1600

rpm

Fig. 6 - Compressor efficiencies in relation to compressor speed
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Influence of piston stroke on
compressor efficiencies

An increase in stroke will result in higher
volumetric efficiency for R22 as well as
for R717, due to a relatively smaller clearance volume.
The isentropic efficiency for R22 will be
reduced at small compression ra·tios, but increased at the high compression ratios,
while the isentropic efficiency-for R717
will increase overall when the stroke is increased.
Tests run at 1450 rpm still show a marked
improvement in volumetric efficiencies for
R22 and R717 with increased stroke. However, the reduction in isentropic efficiency
with R22 at low compression ratios corresponding to relatively high evaporating temperaturs is considerable. This is due to
the larger loss of energy in the increased
mass flow of heavy R22 gas through the
valves, resulting from the increase in
piston stroke.
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COMPRESSOR COMPARISONS

1.0
AZ

~vo1

·The comparisons in the following are based
on twin-rotor screws with oil injection of
the SRM type .
.First a word of warning on comparisons between different types of machines.
Some years ago a European manufacturer of
s~rew compressors published Fig. 8 (exclud~ng the upper heavily traced curve) •
The
curves marked 2.6, 3.5 and 4.5 represented
the isentropic efficiency of his screw compressor, and the dotted line was said to
represent reciprocating compressors.
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Fig. 8 - Example of comparison between
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screw compressor and reciprocating compressor
While we will readily admit that it is possible to find reciprocating compressors
with very poor efficiencies, we state, that
a modern, well designed reciprocating compressor should offer isentropic efficiency
somewhat like the heavily traced curve,
which happens to be a SABROE compressor at
1200 rpm.
It should be mentioned, that
there are 2 or 3 competing makes which are
approximately on the same level.
SCREW COMPRESSORS
One of the characteristics of screw compressors, is the built-in volume ratio
which necessitates selection from a ra~ge of
standard, built-in volume ratios.
The actual obtained energy efficiency depends on how well the selected volume ratio
c?rresponds with the operating conditions.
F~g. 9 shows screw compressor efficiencies
for two of the standard range of built-in
volume ratios.
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Fig. 9

R717 screw
- ciencies

compressor effi-

Type VMY 336, rotor dia. = 215 mm
( 8. 46 ")
L/D = 1. 61 n = 2950 rpm, CT = 300C
(86°F)
Port A2 w. volume ratio = 3.0
Port A3 w. volume ratio = 4.8
In some cases one compressor is specified
to operate alternatively with a high compression ratio corresponding to a low temperature of evaporation, and with a low
compression ratio corresponding to a higher
evaporating temperature.
In these cases it
is advisable to select a compressor with a
built-in volume ratio corresponding to the
high evaporating temperature, in order to
avoid internal over-compression resulting
from the other alternative. Either way the
end result will be lower efficiency when
the compressor is working at the set of
conditions for which it was not originally
selected, but that, as always, is the price
of compromises.
SCREW VERSUS RECIPS.
Objective comparisons between two different
design conceP'ts are always difficult to make
in general terms. The various losses inherent in the two compressor types in ques-
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tion, are of different nature, and comparisons should refer to equal operating conditions for actual projects, and further be
based on compresso r types and sizes, which
are relevant.
Fig. 10 shows volumetri c and isentropic efficiencies for one reciproca ting compresso r
and two screw compresso rs of different make
and size, with the following basic data:

Make
Type
Dim. mm
Rotor dia.
L/D
Vol.ratio
Speed rpm
swept val.
m3 /h
CFM
Refrigera nt
Subcooling
Superheat
CT °C
Op

2

SMC

VMY

125 LU

own
recip.
SMC 100 L
100 X 100

own
screw
VMY 336 H

compet.
screw
125 LU

1200
226
133
R717
0
0
30/50
86/122

215 mm
1.6
3.0
2950

125 mm
1. 65
3.6
3550

1381
812
R717

353
208
R717

0
0

0

0

30/50
86/122

6

a

30/50
86/122

12

10
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The compariso n diagrams in Fig. 10 can be
commented as follows:
the volumetri c efficiency of the reciprocating compresso r (SMC) varies pri:::arily
with variation s in the compressio n ratio
( 1l"P) , >oJhile a change in condensing temperatur~ (pressure range) has little effect:
- the volumetri c efficiency of a large screw
compresso r (VHY) is depending on the compression ratio to a much lesser degree,
than in the case of the reciproca ting compressor, while change in pressure range
has a larger effect, and in the opposite
direction than in the case of the reciprocating compresso r
- the volumetri c efficiency of the VMY compressor is larger than that of the reciprocating compresso r for all compressio n
ratios larger than 2 - 2.5
the smaller screw comoresso r tl25 LU) has
much lower volumetri c,efficien cy than the
large one, and it only becomes better than
the reciproca ting compresso r for compression ratios above 5 - 8.
When we consid~r the isentropic efficiency
the picture changes:
- the isentropic efficiency of the reciprocating compresso r primarily depends on the
compressio n ratio, and shows a maximum at
about 2.5 -3. T~e isentropic efficiency
is still to Sollie extent depending on the
pressure range, and it is noted that the
isentropic efficiency increases with increasing condensing pressure
- the isentropic efficiency for screw compressors is much more influenced by the
compressio n ratio than is the case for re~
ciprocatin g compresso rs. The reason being,
that the screw compresso r has a built-in
compressio n ratio (closely related to the
built~in volume ratio), around which point
the isentropic efficiency reaches its
maximum.
If the actual operating conditions deviate from the built~in co~pres
sion ratio, the losses from either overcompressio n or undercomp ression will reduce the isentropic efficiency
- the isentropic efficiency of a smaller
screw compresso r (125 LU) is considera bly
lower than for a large screw compresso r
(VMY)
- a large screw compresso r will show better
isentropic effic1ency at low condensing
temperatu re, and operating condition s corresponding to its built-in volume ratio,
than a reciproca ting compresso r;
this a.o. makes the screw compresso r very
suitable for booster operation ; at high
condensing temperatu res, however, the
isentropic efficiency of the reciproca ting compresso r is better than that of
the screw compresso r
- the smaller screw compresso r has considerably lower isentropic efficiency ,
and COP at all operating condition s,
than the reciproca ting compresso r.

Fig.lO - R717 efficienc ies for various
compresso r types
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PART LOAD OPERATION

CONCLUSIONS

Another area where reciprocating and screw
compressors hav~ different characteristics
is part loading.
Fig. 11 shows the relatively poor part
loading performance of screw compressors.
An average curve representing the stepwise cylinder unloading of a reciprocating
compressor would show better performance
than the lines representing the screw compressor at the same operating pressure
ratio.

In many cases the final choice of compressor type will greatly influence the operating economy of the plant. The present
paper has underlined some of the most important characteristics of two different
It is not intended to
compressor types.
show that one is better than the other,
nor, indeed that the two types mentioned
are better than any other type of compressor available.
The comments offered on compressor efficiencies, part load performances, etc.,
in relation to operating conditions, lead
to our conclusion, that selection of compressor sizes and compressor types should
take all relevant characteristics into
consideration, and that combinations, e.g.
screw compressors as booster or base load
machines with reciprocating compressors as
high stage or as load adaptors would lead
to very energy efficient installations.
Besides this issue, when mentioning energy
efficiency, we should not overlook the
many possibilities of saving of energy in
existing plants or in new projects, simply
by being more careful with design details
such as temperature and pressure levels,
pressure losses, heat influx, etc.
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Fig.ll - Relation between power consumption and capacity for screw compressors at part load
This underlines the recommendation that
screw compressors should not be used much
below 50 - 60% of full capacity, at least
not without realizing the resulting very
low energy efficiency.
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